Journal of Marine Systems, 2 (1991) 81-95 81
Elsevier Science Publishers B.V., Amsterdam

The transport of CO, into Arctic and Antarctic Seas:
Similarities and differences in the driving processes

Leif G. Anderson * and E. Peter Jones °

“ Department of Analytical and Marine Chemistry, University of Goteborg and Chalmers University of Technology,
S-412 96 Goteborg, Sweden
b Department of Fisheries and Oceans, Bedford Institute of Oceanography, P.O. Box 1006, Dartmouth, N.S. B2Y 4A2, Canada

Received September 3, 1990; revised version accepted January 29, 1991

ABSTRACT

Anderson, L.G. and Jones, E.P., 1991. The transport of CO, into Arctic and Antarctic Seas: Similarities and differences in the
driving processes. J. Mar. Syst., 2: 81-95.

The transport of CO, from the atmosphere to the surface water of the ocean is driven by the difference in partial pressure
of CO, at the air-sea interface. Since the atmospheric partial pressure of CO, is nearly constant over periods of the order of
exchange times, changing conditions of the surface of the ocean dominate the exchange process. In polar regions, the partial
pressure of CO, in the ocean is decreased mainly by two processes, a decrease in temperature and biological productivity.
Both of these take place in the Arctic and Antarctic.

In the Arctic, the vertical transport of cooled surface water by deep convection mainly takes place in the Greenland Sea
and penetrates to a very large depth, while in the Antarctic the deep convection does not reach the same depths, at least not as
frequently. Biological production is significant for the vertical transport of carbon in both the Arctic and Antarctic; however,
in the Arctic the production is mainly over the large shelves, while in the Antarctic it takes place mostly over the deep ocean.

In addition to cooling, surface water can also increase its density by salt addition from ice formation. When this happens
over the shelves, high density shelf bottom waters are formed that might be enriched in total carbonate due to decay of organic
matter at the sediment surface. These high density bottom waters flow towards the deep ocean, mixing with surrounding
waters during transit and ending up at a matching density surface. This process seems to be quantitatively more important in
the Arctic than in the Antarctic.

Total alkalinity, total carbonate, calcium, oxygen, salinity and temperature data from several expeditions in the Arctic and
the SWEDARP 88 /89 expedition in the Antarctic are used in this discussion.

Introduction topography: in Antarctica, the ocean surrounds
the continent, while in the Arctic, the ocean is

The polar seas of both hemispheres, the waters surrounded by continents. Furthermore, in

surrounding Antarctica and in the Arctic Ocean,
are similar in several respects yet quite different in
others. They are both partly covered by sea ice
whose extent varies with season. A main dif-
ference is that in Antarctica the areas which are
ice free in the summer and ice covered in the
winter are mainly over deep water, while in the
Arctic these areas are mainly over the continental
shelves (Fig. 1). This reflects a major difference in
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Antarctica there are large ice shelves which flow
from the continent into the surrounding seas.
These differences also makes the processes in-
volved in the transport of atmospheric gases (e.g.,
CO,) into the sea different.

The exchange of gases between the atmosphere
and seawater in contact with the atmosphere de-
pends on the partial pressures of the gases in the
two mediums. For CO,, the partial pressure in
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Fig. 1. Map of the (a) Arctic and (b) Antarctic showing the typical maximum and minimum ice cover.

seawater is set by the concentration of total
carbonate (C,) and total alkalinity (A,), which are
defined as

C, = [C0?7] + [HCO; ] + [H,CO,] + [CO,]

and

A, =[HCO; ] +2[C0}"] + [B(OH), ]
+[HPO? "] +2[PO; | + [SiO(OH); |
+[OH™] = [H*] - [HSO; ] — [HF ]
_[H3PO4]

The solubility of CO, in seawater increases
with decreasing temperature (Weiss, 1974). With a
constant 4, and 100% CO, saturation, the rela-
tion between C, and temperature in seawater varies
for different atmospheric pressures according to

Potential Temperature (deg C)
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Fig. 2. Total carbonate as a function of potential temperature
for seawater of constant total alkalinity (2387 pmol/kg) in
equilibrium with atmospheres of different pCO,.

Fig. 2 (after Dyrssen and Wedborg, 1982). It is
obvious from this figure that all surface waters
today have a higher C, compared to preindustrial
times, providing, as is likely, that biological
processes have remained the same over this time
interval.

A, and C, are affected by different biological
processes to different degrees. The two dominat-
ing processes are the production-decay of organic
matter and the precipitation-dissolution of metal
carbonate, mainly calcium and magnesium car-
bonate. Furthermore, C, is also affected by CO,
exchange with the atmosphere, but this does not
change A, as can be seen from the definition.

The formation of organic matter can be repre-
sented by the following simple model, with the
model substance including carbohydrates, lipids,
peptides, phosphate esters and trace metals (Dyrs-
sen, 1977).

(x+y+33)CO,+ (x+y+16)H,0 + 16NO,
+H,PO,+ 15H+ M
- (CH,0),(CH,) ,(CH,NHCO),,C(MHPO,)
+(2x + 3y + 114) /20,

The change in A, due to this reaction is +15
and in C, is —(x + y + 33). The sum of x + y + 33
was reported to be 106 by Redfield et al. (1963)
and to be 103 + 14 by Takahashi et al. (1985). The
oxygen produced during primary production,
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(2x +3y+114)/2, was reported by the same
authors to be 138 and 172 with respect to each
phosphate consumed.

The reaction for formation of metal carbonate,
here illustrated by calcium, is

Ca**+ 2HCO; — CaCO;(s) + CaCOs(s) + CO,
+ H20¢

The ratio of the shifts of 4, to C, is 2 if the
CO, stays in the water and 1 if the CO, is
ventilated to the atmosphere. The decay of organic
matter and dissolution of metal carbonate will
proceed in the direction opposite to the above
reactions.

The concentration in the ocean is typically
about 2350 pmol /kg (micro mole acid consumed)
for A, and about 2200 pmol/kg for C,. The

melting
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natural variation is normally around 10-20
pmol/kg with the maximum being up to 100
pmol /kg. With high precision determinations of
A,, C, and oxygen, it is possible to correct for
decay of organic matter and dissolution of metal
carbonate to get the preformed concentrations of
A, and C,. With this knowledge of the preformed
concentrations, we can determine the degree of
CO, saturation when a water parcel left the
surface.

In this article we will summarize today’s knowl-
edge of the input of atmospheric CO, into the
Polar Seas. We will describe the processes that are
responsible for the transport and compare them
for the two polar oceans. Furthermore we will
make some quantitative estimates of the CO, in-
puts.
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Fig. 3. The Arctic Ocean with inflows and outflows. The schematic depth section illustrates the different main water masses. G
denotes gas transfer; W, inflow of water through Bering Strait; B, brine drainage; U, upwelling of Atlantic layer water. (From
Anderson and Dyrssen, 1989.)
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The Arctic Ocean

The Arctic Ocean consists of four deep basins
surrounded by large shallow shelves, with connec-
tions to other oceans through Bering Strait, the
Canadian Archipelago and Fram Strait. Fram
Strait provides the only deep connection with other
oceans and is thus the only place where deep
water exchange can take place. Water enters the
Arctic Ocean through Bering Strait, Fram Strait
and Barents Sea and leaves through the Canadian
Archipelago and Fram Strait. There is also a sig-
nificant river run-off, about 0.1 X 10 m’s™! (e.g.
Aagaard and Carmack, 1989), mainly from the
Siberian rivers. An illustration of the water trans-
ports into and out of the Arctic Ocean as well as
the vertical water mass distribution is shown in
Fig. 3.

In the Arctic Ocean we find different water
masses at various depths. These water masses are
thought to be rather homogeneous throughout
much of the region. The various water masses
result from the salinity variations in the different
source waters (Atlantic and Pacific) and from
modifications resulting from the freezing-melting
processes taking place within the Arctic Ocean
proper. At the surface is the surface mixed layer
with a constant temperature of close to freezing
and a salinity of 31-32. Below this layer, starting
at 50 to 70 m, the salinity increase dramatically
while the temperature remains quite constant at
temperatures close to freezing. This water mass,
the upper halocline, is centered around about 130
m. Going deeper, the temperature increases and
the salinity continues to increase. Before we reach
the temperature maximum (the signature of the
Atlantic layer) there is a distinct change in slope
of the T-S curve (Fig. 4) at a salinity of about
34.3, indicating the center of the lower halocline.
Below the Atlantic layer is the deep water which
can be divided into several components (Aagaard
et al., 1985) with the signature of the bottom water
varying between the different basins.

Deep water formation

Deep water is not formed by deep convection
in central regions of the Arctic Ocean as the

L.G. ANDERSON AND E.P. JONES

TEMPERATURE (°C)

. SALINITY

Fig. 4. Potential temperature versus salinity in the central

Arctic Ocean. The data are from line (Kinney et al.,

1970), LOREX - - - - - line (Moore et al., 1983) and CESAR —

— — line (Jones and Anderson, 1986). (From Anderson and
Dyrssen, 1989.)

stratification is too strong. However, deep water is
formed by convection in the Greenland See just
south of Fram Strait (e.g., Rudels, 1986). The deep
water thus formed is modified by mixing and
flows north through Fram Strait into the Arctic
Ocean (Smethie et al., 1988) where high salinity
shelf water is added, increasing the salinity to
values higher than any water south of Fram Strait
(Swift et al., 1983). A schematic illustration of the
deep water formation in the Fram Strait region
and the mixing of the different water masses is
shown in Fig. 5.

High density water is formed in the Arctic
Ocean by brine drainage during sea ice formation
and ageing. As most of the ice is formed over the
shallow shelves, the brine will result in a cold, high
salinity pool of water on the shelf bottom (Aagaard
et al., 1981; Melling and Lewis, 1982; Midttun,
1985). This pool can, if the topographic conditions
are right, drain along the shelf bottom and down
the shelf break towards the deep interior, entrain-
ing surrounding water as it flows (e.g., Quadfasel
et al., 1988). It will interleave at a depth that
matches its density. Most of this shelf-produced
cold, high salinity water ends up in the upper
halocline (e.g. Bjork, 1989). This is why the salin-
ity in the upper halocline increases relative to the
surface mixed layer while the temperature stays
close to freezing.
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Data

The carbonate data to study the input through
deep convection were collected during the YMER-
80, the Hudson-82 and the MIZEX-84 expedi-
tions, all in the Fram Strait region. The YMER-80
data have been discussed by Anderson and Dyrs-
sen (1981) and the Hudson-82 data by Chen et al.
(1990). The analyses during MIZEX-84 were the
same as those used during Hudson-82.

Data to study the input of carbon through the
shelf produced high density water were collected
in 1983 during the CESAR Ice Camp over the
Alpha Ridge and in 1985 during the Lance expedi-
tion to the Svalbard region. For more information
about the techniques used see Jones and Anderson
(1986) and Anderson et al. (1989).

CO, ventilation: Deep convection

The CO, ventilation through deep convection
takes place in the Greenland Sea as the water in
the surface mixed layer becomes dense enough
through air-sea—ice interactions to sink and form
deep water (e.g., Rudels et al., 1989). This means
that the deep water formed recently was exposed
to an atmosphere with a higher CO, partial pres-
sure than that formed 100 years ago. If A, did not

ICELAND

Fig. 5. Schematic scenario of the deep water formation in the
Greenland Sea and the mixing regimes in the Fram Strait
region of the Arctic Ocean.
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Fig. 6. Total carbonate versus salinity in the deep waters of the

Fram Strait region, collected during the YMER-80, Hudson 82

and MIZEX-84 expeditions. The salinity distribution of the

water masses, Greenland Sea Deep Water (GSDW), Norwegian

Sea Deep Water (NSDW) and Eurasian Basin Deep Water
(EBDW), are indicated.

change in the sinking water over the last century,
C, must have increased as the atmospheric CO,
partial pressure increased (see Fig. 2). The Green-
land Sea Deep Water (GSDW) formed by deep
convection mixes with the out-flowing Eurasian
Basin Deep Water (EBDW) to form the Norwegian
Sea Deep Water (NSDW) (see Fig. 5). Some of
this NSDW flows back into the Arctic Ocean
while some drains over the ridges to form the deep
water in the Norwegian Sea. Hence, there are two
forms of NSDW, one new (n-NSDW) that is of
great importance in the formation of deep water
in the Arctic Ocean, and one large pool of water,
with quite high mean age, in the Norwegian Sea
(o-NSDW) (Swift and Koltermann, 1988). It is the
latter one that, together with the intermediate
water produced in the Iceland Sea, is involved in
the overflow into the North Atlantic Ocean.

A plot of C, versus salinity, Fig. 6, illustrates
the formation and mixing process described above.
The data are all deep samples from the Norwegian
Sea, the Greenland Sea and the Fram Strait, col-
lected during the YMER-80, Hudson 82 and
MIZEX-84 expeditions. No corrections have been
made for decay of organic matter as that would
destroy any mixing signatures. The salinity inter-
vals of the water masses are 34.889-34.892 for
GSDW, 34.908-34.911 for NSDW and 34.919-
34936 for EBDW (Swift et al, 1983), but as
mixing takes place we find a continuous salinity
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distribution in the data. Even if though there is
much scatter in the data in Fig. 6, some features
are quite obvious. (a) GSDW has the highest C,.
This would be even more obvious if the data were
corrected for decay of organic matter. This indi-
cates that GSDW is the youngest water and has
been in contact with an atmosphere of high pCO,.
(b) The C, concentrations in the NSDW show the
largest concentration interval, a result of the large
age distribution. (c) The data are consistent with
the mixing regime postulated. The n-NSDW is
formed as a result of mixing of GSDW with
EBDW and the mean C, concentration of these
waters is in the upper concentration range of that
determined for NSDW. (d) EBDW is formed in-
side the Arctic Ocean when High Salinity Shelf
Water (HSSW) is mixed in along the shelf slopes.
That the salinity increases is obvious, but no in-
crease of C, can be seen other than that expected
if C, behaves conservatively, even though the
EBDW was formed from the oldest NSDW mix-
ing with High Salinity Shelf Water (HSSW).

It is possible to estimate the input of anthropo-
genic CO, through the deep convection in the
Greenland Sea by knowing the volume of water
that leaves the surface and by assuming some
degree of CO, saturation of water (calculated from
preformed C, and A,). With 100% CO, satura-
tion, C, is 35 pmol/kg higher today with an
atmospheric pCO, of 350 ppm than in pre-in-
dustrial times with an atmospheric pCO, of 280
ppm. If a volume of 0.5 Sv leaves the surface (B.
Rudels, pers. commun.) the total carbon input is
6 X 10" g Cy™'. In addition to the deep water
formed in the Greenland Sea, water is formed in
the Iceland Sea that penetrates to intermediate
depths. The volume of this water is in the order of
1 Sv, giving an input of 12 X 10'> g Cy~ 1.

CO, ventilation: Shelf processes

The high density water formed over the shelves
transports carbon from the atmosphere to the
deep Arctic Ocean through a series of processes.
In the summers when the shelves are ice free there
is a large biological primary production. This pro-
ductivity decreases pCO, in the surface water,
driving the transport of CO, from the atmosphere

L.G. ANDERSON AND E.P. JONES
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Fig. 7. A schematic illustration of the processes involved in the

transfer of chemical constituents from the surface waters over

the shelves into the deep basins. (From Anderson and Dyrssen,
1989.)

into the sea. The organic matter dies over the
season and most will end up in the surface sedi-
ment as the depths are shallow. Here the organic
matter decays and the decay products diffuse out
into the overlaying water. With the productive
season in the summer, there will be maximum
organic matter in the sediment in the fall when the
ice starts to form. The ice formation produces
brine that drains out and forms high density bot-
tom water. The biological decay products, one
being C,, are added to the high density bottom
water, which flows out towards the deep interior
and interleaves at levels with the appropriate den-
sity. A summary of these processes is illustrated in
Fig. 7.

The existence of high salinity shelf bottoms
water of freezing temperature have been found in
the Chukchi Sea by Aagaard et al. (1981) and in
the Barents Sea by Midttun (1985). Anderson et
al. (1988) report the distribution of some chemical
constituents in a pool of high salinity bottom
water of freezing temperature in the Storfjorden,
Svalbard (Fig. 8). Deeper than about 100 m the
water is approximately at the freezing temperature
and has a salinity increasing from about 35.2 at
100 m to about 35.5 at the bottom. The distribu-
tion with depth for the two deepest stations in the
fjord is shown in Fig. 9. There is a significant
increase towards the bottom in nutrients and nor-
malized C, [C,(35) = 35C,/S)] and a decrease in
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Fig. 8. Map of the Svalbard region with the stations discussed
indicated. Filled circles represent the stations shown in Fig. 9.
(From Anderson et al., 1988.)
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Fig. 9. Nutrients, oxygen and total carbonate in the high

salinity bottom waters of the Storfjorden (units are in

pmol/kg). Open circles represent the most southern of the two

stations indicated in Fig. 8. Lines are fitted to the data points

in the water with temperature equal that of freezing at the
surface. (From Anderson et al., 1988.)

oxygen, typical signals resulting from the decay of
organic matter. The slopes of the concentration
gradients should reflect the relative flux of the
different constituents from the sediment surface to
the bottom water. When the slope is normalized to
one phosphate, the result is: 1, 6, 13, —104 and
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Fig. 10. Total carbonate, total alkalinity and calcium, all normalized to a salinity of 35, in the water column at Ice Station CESAR.
The excess total carbonate due to dissolution of calcium carbonate is hatched and the one due to decay of organic matter is dotted.
(From Anderson et al., 1990.)
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103 for PO;~, NO;, SiO;, O,, and C, respec-
tively. No depth gradient in A4, could be dis-
tinguished. There are two major deviations in the
flux from the one expected if the release had
followed the classical Redfield et al. (1963) com-
position of organic matter, the low NO; produc-
tion and the low O, consumption. This can be
explained by denitrification, which in itself de-
creases both the NO; production and the O,
consumption. It also is an indication of a low
oxygen environment, with the result that electron
acceptors other than oxygen become involved.
However, these different conditions do not change
the release of carbon to the high salinity bottom
water.

As mentioned above, most of the high salinity
shelf water of freezing temperature flows into the
upper halocline over the deep basins. In this layer
we find a distinct nutrient maximum (Kinney et
al., 1970; Moore et al., 1983) which is also comple-
mented by a minimum in oxygen and a maximum
in C, (Jones and Anderson, 1986). The profiles in
C,, A, and calcium, all normalized to a salinity of
35, at the Ice Camp CESAR (Fig. 10) have been
used to estimate the input of carbon to the upper
waters of the Arctic Ocean (Anderson et al., 1990).
From the distribution of the excess of the different
constituents and the known shifts due to the dif-
ferent biochemical reactions (discussed in the In-
troduction) it is possible to elucidate the origin of
the signals. In Fig. 10, the excess due to dissolu-
tion of metal carbonate is separated from that of
decaying organic matter on the shelves. The dis-

TABLE 1
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Fig. 11. A schematic illustration of the processes of importance
in the transport of carbon in the Arctic Ocean. The processes
are Air-Sea Exchange (A4SE), Biological Production (BP),
and Sedimentation (S), besides the inputs and outputs due to
water exchange. For quantitative estimates, see text.

solution of metal carbonate occurs to a large part
in the drainage basins and the excess is trans-
ported to the sea by the rivers. The acid consumed
during the dissolution is most likely CO, from
decaying organic matter in the drainage basins.

With a knowledge of the areal distribution of
the upper layers and the residence times of the
different water masses it is possible to estimate the
annual net fluxes. This was done by Anderson et
al. (1990) and is summarized in Table 1. It should
be noted that the fluxes estimated are steady state
fluxes and are probably not affected by the atmo-
spheric increase of CO,, at least not as long as the
climate does not change significantly.

A summary of the processes affecting the
carbon transport in the Arctic Ocean, including

Assessment of total carbonate concentration (C,) and net fluxes into the Arctic Ocean. pM,, denotes micro mol kg seawater. The
residence times are taken from Ostlund and Hut (1984) and from Wallace and Moore (1985)

Res. time C C, 1984 Area Net flux (102 g Cyr 1)
ears M, M, m*
(years) (M) (M) (m) River Shelf Total
run off

Surface mixed layer 10 2090 + 9 8.4-101 57 0 57
Halocline 10 variable 5.8-1012 24 96 120
Atlantic layer 30 2176 + 22 5.8-10"2 0 33 33
Total carbon transport 210

Reference water

North Atlantic Water 0
in West Spitsbergen

Current

2160+ 5
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the Iceland and Greenland Seas, is shown in Fig.
11. Carbon is added through the rivers in the form
of HCO; and directly from the atmosphere as
CO,. CO, is added mainly over the shelves, where,
at least for part of the season, the water is open.
The transport between the atmosphere and the sea
is driven by CO, partial pressure differences at
the interface. Partial pressure differences between
the atmosphere and the surface water in the Arctic
are controlled by three processes: (a) CO, is
lowered in the surface water by biological primary
production, (b) the CO, solubility is increased in
the surface water when it cools and (¢) CO, is
increasing in the atmosphere.

The Weddell Sea

The waters in the Weddell Sea are incorporated
into the oceanic system surrounding Antarctica.
The Circumpolar Deep Water (CDW), which
originates from deep waters of the Atlantic, Pacific
and Indian Oceans (Foster and Carmack, 1976),
circulate Antarctica from west to east in the cir-
cumpolar current. The geographical shape of the
Antarctic continent causes a gyre to form in the
Weddell Sea where the deep water, the Weddell
Deep Water (WDW), is slightly cooler than the
CDW. The WDW is formed from CDW to which
colder water is added during the circulation in the
Weddell Sea. The circulation pattern is such that
on the average the WDW circulates several times
before a water parcel leaves the gyre and then it
leaves in a modified form. Above the WDW is the
Winter surface Water (WW) which, during
summers, is warmed and has its salinity lowered
by sea ice melting. Below the WDW the tempera-
ture decreases and we find first the Antarctic
Bottom Water (AABW), then, closest to the bot-
tom, the colder Weddell Sea Bottom Water
(WSBW).

Deep water formation

Of the seas surrounding Antarctica, the Wed-
dell Sea is perhaps the most important for deep
water formation. The deep waters formed around
Antarctica have lower salinities and lower temper-
atures than waters formed in the northern Atlantic
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Bottom Water formc:'(icmI
in the Weddell Sea
(freezing condition)

Fig. 12. A simplified illustration of the bottom water formation
on the shelves in the southern Weddell Sea. (From Anderson et
al.,, 1991.)

Ocean but the resulting density is higher. As a
result, it is the AABW that flows over the bottoms
of the global oceans

The Antarctic Bottom Water can be formed
either by deep convection (probably intermit-
tently) or by shelf processes involving heat ex-
change with the enormous ice shelves. The latter is
a process that has been shown to produce a con-
tinuous drain of high density water over the shelf
break in the southern Weddell Sea (Foldvik et al.,
1985). Figure 12 show a schematic illustration of
the formation of high density bottom water on the
shelf. As in the Arctic, the process starts with sea
ice formation that produces brine, which drains
out of the ice and forms high salinity shelf water.
The formation of this high salinity shelf water,
Western Shelf Water (WSW), occurs mainly in the
south western Weddell Sea where it is rather shal-
low, less than 500 m. The sea ice is formed by
freezing of WW and hence any WSW formation
results in a inflow of WW to the area. Because of
the topography, the WSW flows both to the north,
down the shelf slope, and to the south, under the
ice shelf. When it flows to the north, it mixes with
both WW and WDW to form Weddell Sea Bot-
tom Water (WSBW) (Foster and Carmack, 1976).
The WSW that flows to the south exchanges heat
at the underside of the ice shelf, leading to a
colder but less saline water mass called Ice Shelf
Water (ISW). The ISW flows to the north, in
topographic canyons, and down the shelf slope,
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entraining surrounding water as it goes. Depend-
ing on how much of the WDW is entrained, the
resulting water is either AABW or WSBW. This
mixing pattern can be seen in a temperature—
salinity diagram (Fig. 13).

Data

The data to study the input of anthropogenic
CO, to the deep waters in the Weddell Sea were
collected during the Swedish Antarctic Expedition
1988 /1989. The analytical procedures used have
been discussed by Anderson et al. (1991). The
stations sampled were distributed over the Wed-
dell Sea from about 4°W to the peninsula, (see
Fig. 18). A plot of the normalized C, and 4,
versus potential temperature for all samples
analyzed is shown in Fig. 14.

CO, ventilation: Deep convection

There are some indications of deep convection
reported in the literature (e.g., Gordon, 1978), but
it does not seem to be an annual process as it may
be in the Greenland Sea. It is speculated that deep
convection occurs during periods when the large
polynya is present in the Weddell Sea. It is also
believed that deep convection occurs due to topo-
graphic conditions, for instance in the Maud Rise
area. However, there are no data available, at least
to our knowledge, that make it possible to esti-
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mate the ventilation of CO, in the Antarctic due
to deep convection.

CO, ventilation: Shelf processes

The flux of CO, into the surface waters of the
Weddell Sea has been changing over approxi-
mately the last 150 years because of the increasing
atmospheric CO, partial pressure. The increase in
pCO, results in an increased concentration of C,
(Fig. 2). In order to evaluate this increase we have
to correct C, for changes resulting from the decay
of organic matter and the dissolution of metal
carbonate. The A4, concentrations (Fig. 14) indi-
cate that dissolution of metal carbonate can be
neglected. This is in accordance with other investi-
gations (e.g., Poisson and Chen, 1987). The correc-
tion due to decay of organic matter can be done
using the apparent oxygen utilization (AOU) and
the ratio of carbon to oxygen in organic matter.
Using the ratio reported by Redfield et al. (1963)
we get the following equation,

C-corr = C,-meas-106 /138 A0U (1)

where C-meas is the measured total carbonate
concentration. A plot of C-corr (normalized to
S = 35) versus potential temperature is shown in
Fig. 15. There is a significantly larger scatter in
the shallow data, mainly as a result of primary
production and the escape of oxygen to the atmo-
sphere in the surface water at the time of the
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Fig. 15. Potential temperature versus total carbonate corrected
for decay of organic matter, assuming the Redfield et al. (1963)
ratios of organic matter and 100% oxygen saturation. The
corrected data have been normalized to a salinity of 35. The
crosses represent samples deeper than the temperature maxi-
mum while the diamonds represent shallower samples.

investigation. Nevertheless, it is obvious that the
ISW (Theta < —2°C) mixes with the water close
to zero degrees (also seen in Fig. 14 for the uncor-
rected C,). This is what normally is set as the
lower temperature limit of the WDW. The data
with temperatures above zero degrees are associ-
ated with a line of different slope than that of the
mixing line between ISW and WDW at zero de-
grees, a slope that is close to the one for a given
pCO, in Fig. 2.

The correction for decay of organic matter
according to eqn. (1) assumes 100% oxygen satura-
tion when the water left the surface. The measured
oxygen saturation in the WW during the winter is
reported to be 86%. (Gordon et al., 1984). Also the
Redfield et al. (1963) ratio of carbon to oxygen is
questionable (see the Introduction). Plots of

TABLE 2
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Fig. 16. Lines fitted to the data of normalized corrected total

carbonate, where the corrections have been done assuming the

following ratios of C, to O, in organic matter and degrees of

oxygen saturation: A4, 106 to 138 and 100% O,-sat. B, 106 to

138 and 86% O,-sat. C, 103 to 176 and 100% Oy-sat. D, 103 to
176 and 86% O,-sat. (From Anderson et al., 1991.)

potential temperature vs. normalized C,-corr for
100% and 86: oxygen saturation with the Redfield
et al. (1963) and the Takahashi et al. (1985) ratios
are given in Fig. 16, with lines fitted to the data.
The degree of CO, saturation of the ISW when it
left the surface (as WSW) is calculated by taking
the C, value at the ISW temperature (about
—2.2°C), moving this to the temperature of freez-
ing (assuming that the only change was in temper-
ature and not in C,) at one atmosphere pressure
and fitting it to an atmospheric pCO, (as il-
lustrated in Fig. 2). As the water sank very close
to the time when it was sampled, 350 ppm is used
as reference to calculate the percentage saturation.
Table 2 summarizes the calculations for the differ-
ent scenarios. It is seen that by using the measured
oxygen saturation, 86%, the CO, saturation is

Equilibrium concentrations of CO, (ppm) and degrees of saturation in the Sink Water assuming different relations of carbon and
oxygen in organic matter and different degrees of oxygen saturation. 4 to D denotes the scenarios in Fig. 16. Sink Water represents

the ISW when it left the surface

Assumptions Sink Water

del O, del C, 0O,-sat pCO;-eq CO,-sat
(ppm) (rel. 350 ppm)

—-135 106 100 A 238 68

—135 106 86 B 318 91

-172 103 100 C 249 71

-172 103 86 D 312 89
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close to 90% with both the Redfield et al. (1963)
and the Takahashi et al. (1985) carbon to oxygen
ratios for the organic matter. Hence, this ratio is
not considered to be critical for the evaluation of
the CO, input.

In pre-industrial times the atmospheric pCO,
was around 280 ppm. The WDW, as described
above, is an old water that left the surface well
before industrialization started and thus has not
been significantly affected by increased atmo-
spheric pCO, as seen in the "¢ signal (Weiss et
al., 1979). It is presumed that when the ISW was
formed before industrialization it had the same
degree of CO, saturation as now. This would give
a mixing line for the ISW with WDW at zero
degrees shown by the dotted line of Fig. 17. The
difference between the continuous and dotted line
in Fig. 17 should then reflect the anthropogenic
input. The concentration varies with temperature
which of course is due to the mixing of waters
with high (ISW) and very low (WDW) anthropo-
genic CO, concentrations.

By taking the difference between the dotted
line of Fig. 17 and the normalized corrected mea-
sured C, data, we get the anthropogenic CO, in
each sample. A plot of these for different sections

WDW
5 [ONeN J
£ | AABW
-?:_; 20 umol/kg
§ -10p WSBW
£
2
.§ -
£
..6 - - » - 1 ] L ] L ]
a -20P
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Normalized Corrected Tota! Carbonate (umol/kg)

Fig. 17. The mixing line for scenario A of Fig. 16, solid line,

and the corresponding line (dotted) but with the assumption

that the ISW left the surface when the atmospheric pCO, was

280 ppm (preindustrial time). The difference between the lines

equals the anthropogenic CO, concentration in the different
water masses.
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across the shelf slope shows the penetration of
anthropogenic CO, in the Weddell Sea (Fig. 18).
It is clear that the most easterly section has very
little anthropogenic CO, in the deep waters, while
there must be an inflow east of the one at about
36°W. (Remember that there is a clockwise gyre
in the Weddell Sea.) This inflow is coming from
the Filchner Depression which has been shown to
be a significant drainage area of ISW (Foldvik et
al., 1985).

Current meter observations at the shelf break
just west of the Filchner Depression gave a mean
flow of 0.7 Sv at —2°C (Foldvik et al., 1985). At
this temperature the mean anthropogenic CO,
concentration is 29 pmol kg~' (Fig. 17) which
results in an annual transport of 8 X 10'2 g C. The
anthropogenic CO, pattern in the sections sug-
gests that there are areas of significant deep water
penetration between the section at 40° W and the
one at the peninsula. However, it is unlikely that
they will transport more than two times what is
transported out through the Filchner Depression
(also indicated by the estimates by Carmack and
Foster, 1975), making the total annual input to the
Weddell Sea not more than 25 X 10'? g C.

Summary and conclusions

The inputs of CO, to the Arctic Ocean can be
divided into one steady state input and one an-
thropogenic. The annual steady state input is 210
X 10'? g C, while the anthropogenic is 12 + 6 X
10"? g C considering the deep convection in both
the Greenland and Iceland Seas, estimated to 1 +
0.5 Sv (B. Rudels, pers. commun.).

For the Weddell Sea area we do not have an
estimate of the annual steady state input, but it
should be significant because of the relatively large
biological production. The annual anthropogenic
input is calculated to be 8 X 10'* g C draining out
through the Filchner Depression. We also estimate
the maximum input through other deep water
formation areas on the shelves in the Weddell Sea
to be 16 X 10"* g C annually. These rather low
estimates of anthropogenic CQO, input are in
agreement with the concentrations found in the
Atlantic and Southern oceans by Chen (1982).
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Fig. 18. The anthropogenic CO, concentration along the shelf slopes at different locations in the Weddell Sea (calculated as the
difference between the corrected measured data and the dotted line of Fig. 17).

In the Arctic Ocean, shelf processes dominate
the steady input of CO, while in the Weddell Sea
they provide an anthropogenic input. Deep con-
vection in both polar regions causes an input of
anthropogenic CO,, the magnitude in the
Antarctica is, however, uncertain due to a lack of
data.

The annual anthropogenic CO, sink is in the
order of 12+ 6 X 10 g C in the Arctic Ocean
including the GIN Seas and maximum 24 X 10'% g
C in the Weddell Sea. Even with other ventilation
areas of the same order in Antarctica, the total
annual input will most likely not exceed 50 X 10!
g C. These ventilation rates should be compared
to the annual anthropogenic emission, about 5500
X 10'? g C. Hence, it is concluded that the polar
oceans are not a significant sink of anthropogenic

CO,. However, this does not necessarily mean that
the polar oceans are not important in the global
change perspective, as they are very sensitive to
changes in the climate which might very well
significantly change their ability to sequester CO,,
especially that due to biological production (e.g.,
Walsh, 1989).
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